The objective of this study was to obtain up-to-date information on land use and to identify long term changes in land use, especially rice, aquaculture and other crops in Ben Tre and Tra Vinh provinces in Vietnam's Mekong Delta. Long-term changes in land-use of the study area have not been studied using long time series of SAR and optical Earth observation (EO) data before. EO data from 1979-2012 was used: ENVISAT ASAR Wide Swath Mode, SPOT and Landsat imagery. An unsupervised ISODATA classification was performed on multitemporal SAR images. The results were validated using ground truth data. Using the Synthetic Aperture Radar (SAR) imagery maps for 2005, 2009 and 2011 were obtained. Different rice crops, aquaculture and fruit trees could be distinguished with an overall accuracy of 80%. Using available optical imagery the time series was extended from 2005 to 1979. Long-term decrease in the rice acreage and increase in the aquaculture acreage could be detected.
Introduction
Rice is one of the most important nutrition components in the world and a supply of stable food in many countries, especially in Southeast Asia. Up-to-date information on areas under rice cultivation and changes in the cultivated area is essential for national political decision-makers and for international trade organizations for planning and monitoring purposes. Due to the human population growth the global food security has to be ensured. Irrigated rice fields are also among the major sources of methane emissions. On the other hand, awareness of changes in rice growing conditions is beneficial for estimating the long term impacts of climate change on the rice production.
According to the International Rice Research Institute, Vietnam is the leading producer of rice in the world; the Mekong Delta region being the most important rice production area [1] . In some of the coastal parts of the Mekong Delta region, United Nations International Fund for Agriculture (IFAD) has given recommendations to rice farmers to change from rice to other crops due to the salinity intrusion in the area. Therefore, information on areas under aquaculture and other crops is needed as well. Land-use changes can be further used to evaluate the effect of salinity intrusion to land use in the study area and to define the rice growing areas that need to transit to other land uses as a result of increasing salinity currently and through forecasting based on the sea level rise and reduced river flow. Although, some central descriptive data on cultivated areas are recorded by the national authorities, there is still need for more accurate and timely information. Moreover, it would be advantageous to extend the time-line of changes in rice land-use to the past decades, starting even from the 1970s. The use of Earth Observation (EO) satellites and their historical data archives is a reliable and cost effective way to obtain this information.
The main challenge in estimating the area under rice cultivation using EO data is to obtain well-timed satellite data, which enables interpretation of rice areas from other crops and land-use classes. Therefore, a multi-temporal data set is typically needed, i.e., a sufficient number of images during the rice growing season (there may be one to even three growing seasons in a year). Due to the extensive cloud cover during the rice growing season, the use of cloud-penetrating imaging system, Synthetic Aperture Radar (SAR) on-board of satellite, appears to be an ideal solution for monitoring of agricultural areas [2] . Using a priori knowledge of common cultivation practices in the target area (crop calendar), it is possible to order well-timed SAR images for detecting rice areas. It is also advantageous to exploit optical EO data to identify areas that are permanently non-irrigated, since there are different interactions with the target for active microwave SAR and daylight-based optical sensors. In addition, optical satellite missions have been operational longer than SAR satellites and have collected long time series of image data. Examples of integrated use of SAR and optical data for land cover and crop type mapping are presented in [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] .
A review of remote sensing of rice crop areas has been published [17] . In Mekong Delta, several land cover studies based on optical EO data have been carried out (e.g., [18] [19] [20] [21] ). The German-Vietnamese WISDOM (Water-related Information System for the sustainable Development of the Mekong Delta in Vietnam) project is currently designing and implementing an information system for the Mekong Delta, containing information from the fields of hydrology, sociology, information technology and earth observation [22] . A considerable amount of scientific research has been carried on the matter of rice crop and land cover monitoring using SAR data, e.g., [2, [23] [24] [25] [26] [27] [28] [29] [30] . These results are promising, providing users with accurate information on the rice cultivated areas and even the estimation of potential rice yields was demonstrated. These earlier demonstrations were based on ERS-1, ERS-2, Radarsat-1, and Envisat SAR data, but these satellites are not operational any longer. At the moment, possible SAR data sources are TerraSAR-X/TanDEM-X, COSMO-SkyMed, and Radarsat-2. The satellite constellations of several satellites enable shorter revisit times and more frequent monitoring of agricultural areas. However, considering the operational rice crop monitoring an important data source in the future is the Sentinel-1 SAR satellites (ESA), which is a continuation to the C-band ERS and Envisat SAR data series. ESA's free-of-charge data policy is also an obvious advantage of the Sentinel-1 system compared to other SAR satellite data. Therefore, this study exploits the verified, well-known, ESA Envisat C-band SAR data in crop type monitoring.
The objective of this study is to obtain up-to-date land-use information and identify long term trends in changes in land use in Tra Vinh and Ben Tre provinces, which are the main interest areas to IFAD in the Mekong Delta region. The specific interest was put on the rice cultivated areas due to the salinity intrusion in the area; however, other crops (sugarcane, coconut, and orchard) and aquaculture were also included in the study. The hypothesis was that this information can be obtained using historical EO data and a combination of all available radar and optical images. The goal was to use standard automatic image classification procedures and validate the results using ground truth data and historical changes based on interviews with local farmers. The contribution of this study is that it combines SAR and optical imagery into a long-term time series of land use change. This information has been sparsely available in the area.
Materials and Methods

Study Area
Ben Tre and Tra Vinh provinces ( Figure 1 ) are located on the coast of the South China Sea in Vietnam. The area of interest is 8500 km 2 and centered in 106.4°E, 9.9°N (UTM 48 WGS84). Terrain height is only few meters above sea level. The land use mainly consists of rice, orchard, coconut, sugar cane, aquaculture and urban and rural settlements. The rainy season lasts from May to October/November and the dry season from November/December to April. The distribution of rainfall is unequal increasing from south-west to north-east [31] .
In the Mekong Delta region, Vietnam, salinity intrusion occurs in ocean coastal areas, where saline water moves into freshwater aquifers. This can lead to contamination of drinking water sources and problems in agriculture. The salinity intrusion happens naturally to some extent, however, climate change and changes in rainfall are causing more severe salinity intrusion. In addition to the salinity intrusion, drought and rising temperatures cause problems to agriculture and aquaculture. The salinity intrusion may be affected by the climate change, e.g., changes in rainfall, sea level rise and storms.
During the dry season salinity becomes a problem in the coastal areas. Even though surface water is very abundant, over three quarters of the Ben Tre surface water areas (water in rivers, canals, lowland areas) are affected by salinity from two or three months to the whole year [32] . The salinity intrusion is constrained to some extent using dykes, sluices and sand dunes along the coast.
In general, when farmers rely on wet season rainfall, the salinity intrusion results in situation where there is sufficient time to grow only one rice crop per year. Farmers may also use fresh water from network of canals to provide supplementary irrigation where required, although in years when saline water intrusion occurs early, this is not possible. Over the past 30-40 years, many rice farmers in the saline affected areas have adapted to the natural conditions by growing rice in the wet season, then using the rice fields for growing shrimp (aquaculture) in the dry season [33] . In the recent years in Ben Tre, the ratio of fruit trees output value has grown sharply. In 2002, the cultivation scheme was moving toward the reduction of low-yield rice fields, switching to aquaculture, sugar cane crops and fruit trees [34] . In Tra Vinh, rice is still the most important crop.
Data Sets
Long-term changes in land use in the Ben Tre and Tra Vinh provinces were monitored using EO data. A long time series of satellite data with medium resolution was required in order to cover the target area. According to a careful inspection of EO data archives, historical images were available from the SPOT, Landsat and ENVISAT satellites. The ENVISAT ASAR images were used to detect changes during 2005-2011. One to three rice crops per year are harvested in the area [18] . Therefore, several SAR images acquired throughout the year were needed for each year in order to map rice areas and to get the number of rice crops. Long term land-use changes from 1979 were monitored by the optical Landsat images and from 1987 using the optical SPOT images. The long term changes were detected from optical images acquired at the same time of year in December to January.
The following EO data (Tables 1 and 2) were acquired from European Space Agency (ESA) and United States Geological Survey (USGS) archives: In addition to the EO data, administrative boundaries, the official land-use map 2005 of the Mekong Delta from National Institute of Agricultural Planning and Projection (NIAPP) [18] , scanned topographic maps from USGS [35] and the 3 arc-second digital elevation model (DEM) from the Shuttle Radar Topography Mission (SRTM) were used. The USGS topographic maps were geocoded and transformed to UTM48 WGS84 coordinate system. Ground truth data were acquired by a field survey campaign on 7-10 October 2013 in Ben Tre and Tra Vinh provinces. At first, 180 ground truth points were randomly created within the study area. However, ground truth data collection was laborious because all locations need to be visited including the time reserved for discussions with local people. The final number and spatial distribution of ground truth points were limited due to resources, time and road accessibility and 75 points were finally collected ( Figure 1 ). The 75 ground truth points covered all land-use classes included in the classification maps. A higher number of points would be needed for detailed accuracy assessment of each land-use class. However, 75 points was considered to be enough for a rough estimate of the classification accuracy. In addition, farmers were asked about the past changes in land use. The number of various land-use classes included in field survey points is presented in Table 3 . Detailed information about the crop cycle and type of each location was acquired by interviewing local authorities and farmers in situ. The accurate location of each field survey point was captured using hand-held Garmin Etrex GNSS navigator with location accuracy less than 10 m. 
Methods
Image Data Preprocessing
The SAR data consisted of 37 ENVISAT ASAR WSM (Wide-Swath Mode) images acquired between December 2004 and March 2012 (Table 1 ). All the SAR images were HH-polarized and from descending pass orbits. The specific product type of the images is ENVISAT ASAR WSM 1P. NEST (Next ESA SAR Toolbox) and ERDAS IMAGINE were used to perform the required pre-processing steps. Standard SAR processing methods were used for the ENVISAT ASAR WSM data. The SAR image processing included applying DORIS (The Doppler Orbitography and Radio-positioning Integrated by Satellite) precise orbit state vectors generated by the Centre de Traitement Doris Poseidon (CTDP) and radiometric correction using latest the ENVISAT auxiliary files. Thereafter, orthorectification by Range-Doppler terrain correction was carried out using the SRTM DEM (3 arc-second grid) and bilinear interpolation as the image and DEM resampling method. In addition, to enhance the image quality, Frost speckle suppression [36] with a window size of 3 × 3 pixels was applied. The Frost filter is a standard tool for SAR speckle suppression and the window size was selected to avoid degradation of spatial resolution [37] . Finally, the ENVISAT images were stacked to three multichannel images (multitemporal multiband image).
The eight optical satellite images from Landsat and Spot programs were used for the land-use classification of Ben Tre and Tra Vinh provinces for years 1979, 1987, 1995, 2002, and 2005 (Table 2 ). The ERDAS IMAGINE 2013 software package was used for the optical image processing. In the orthorectification process (using the topographic maps and SRTM DEM), clearly visible point-type features with known map coordinates, such as road junctions and bridges, were used. The estimated accuracy of the orthorectified products were in order of 0.6-0.8 pixels. The DEM resolution was not a problem since the area is relatively flat. Moreover, to enhance the radiometric image quality for the classification purposes, a standard atmospheric correction and color adjustment were carried out (de-haze [38] and color stretch) using the ERDAS IMAGINE 2013 software. In addition, the SPOT images were mosaicked since each SPOT scene consists of two consecutive frames.
Land-Use Classification
Because the aim was to study trends in the land-use changes and not to develop new methodologies for image classification, standard image classification procedures were used. In order to get comparable results for change detection, an unsupervised classification method was selected. ISODATA (Iterative Self-Organizing Data Analysis Technique) [39] is a commonly used unsupervised classifier. Basically, it is an iterative clustering method which assigns pixels to clusters (classes) based on class means and a minimum distance rule. The clustering is continued until the maximum number of iterations has been performed or a maximum percentage of changed pixels has been reached between two iterations. The ISODATA algorithm is widely used in land-use classification and several scientific studies have been carried out using ISODATA clustering for EO data e.g., [18, 19, 40] .
After the preliminary processing steps, the image stacks were classified using the unsupervised ISODATA classifier. The image stacks were classified to 40 clusters using 10 iterations and convergence threshold of 0.95. The total number of clusters was varied systemically and 40 clusters were considered enough to recognize all the relevant land-use classes in the study area that could be distinguished with the used SAR data. Similarly, for the optical data 36 clusters were applied. After the ISODATA classification steps, the clusters were manually merged into eight (SAR) or seven (optical) final land-use classes. Urban areas and non-cultivated agriculture (i.e., rice field after harvesting) are easily mixed in optical data. Therefore, urban class was not used for optical data. 
Accuracy Assessment
To validate the observations, we complemented the EO observations with a field survey campaign, where ground truth points were collected and interviews of the locals were carried out to validate the results. By including the interviews, we could improve the reliability of the results obtained from satellite images acquired before 2005.
The classification of the different crop cycles requires EO imagery, which is distributed evenly throughout the year and covers all crop cycles, so that the changes from one crop to another can be clearly detected. However, this was not the case for every input image set. In addition, the collected ground truth points included mostly "3 × irrigated rice crops" and not enough "2 × irrigated and 2 × rainfed rice crops" to properly validate classification of various rice crop types. Thus, rice crop classes "2 × Irrigated rice crop", "2 × Rainfed rice crop" and "3 × Irrigated rice crop" were merged into one rice class for validation. In addition, the "Rainy season rice and shrimp culture" class was merged with the "Aquaculture" class resulting in the "Aquaculture2" class for SPOT 2005 land-use map validation, because the 2005 SPOT image was captured during the dry season when the "Rainy season rice and shrimp culture" areas were used for shrimp farming.
Results and Discussion
Land-Use Change Results
The resulting land-use maps from the ENVISAT data are presented in Figure 2 . As expected, the most reliable results were based on SAR imagery, the reason being that the SAR data was multitemporal covering the whole year. As an instrument, SAR is sensitive to surface roughness and thus water surfaces such as rice paddies and aquaculture are easily detected. The multitemporal information can be used to separate the classes from each other.
Figure 2. The land-use classifications from ENVISAT ASAR imagery
The land-use maps from SPOT are presented in Figure 3 . The results from optical EO data were highly influenced by the dates of the images since the classification was based on a single image only. To get more reliable results, multitemporal (within one year) optical data would be required; however, due to the cloudiness in the area it was impossible to acquire such a data set. In addition, the spatial extent of the SPOT images was limited, which caused missing data in some districts, especially in Ben Tre. The farming practices (number of rice crops per year) might also have changed dramatically in the area when high yielding rice varieties have been adopted [41] , and it is possible that the class division was not suitable for the 1979 Landsat image. Even though the SAR data was based on multitemporal imagery, the image acquisition dates were not the most optimally distributed throughout the years 2005 and 2011. For the purposes of reliable statistical data analysis, we combined three rice classes to a single class, hereafter: "All rice", being the sum of "2× irrigated", "2× rainfed" and "3× irrigated rice" crop classes in order to decrease the influence of variable image acquisition dates within a year. In order to analyze the optical imagery results, "Rainy season shrimp and rice" and "Aquaculture" were also combined to the "Aquaculture2" class. The Landsat results using the combined classes are presented in Figure 4 . Thematic maps were produced from the classification result based on the SAR data for the classes "All rice" and "Aquaculture" (Figure 5 ). The change in hectares in comparison to the total area of a district was calculated and the map was colored accordingly. It can be noted that the most significant changes for rice have taken place in the inland districts. According to our experience during the field survey, it is highly possible that land-use changes in the coastal districts had already taken place before the year 2005. More detailed results on the land-use changes are presented for Ben Tre and Tra Vinh provinces in Figure 6 . The 2011 SAR image set was lacking input data in May to December, which may have affected the detection of certain types of rice and the shrimp/rice fields. In Ben Tre, the SAR images show a decrease in the total rice acreage and increase in the aquaculture acreage. The acreage for "Settled areas, coconut, sugar cane and orchard" has increased as well. In the Tra Vinh province, the SAR images show a decrease in the rice acreage and an increase in the aquaculture acreage as well. The classes "Water" and "Urban" did not change remarkably between 2005 and 2011.
The land-use situation in 1979, 1987, 2002 and 2005 , based on the Landsat and SPOT images, is presented in Figure 7 . The 1998 SPOT result is not listed as the data is missing for some districts due to the image extent. The results show some decrease in the class "all rice" for 2005; however, the trend appears not to be very clear. The different imaging systems of the Landsat and SPOT satellites and different farming practices in the older data may also affect these results. Some water surfaces were classified into the "Water" class even if they actually belonged to the aquaculture areas, because the single-date images cannot distinguish these classes. Also, floods in the area may affect the results when water is covering other land-uses.
In Figure 8 , the SPOT results (1987, 1998, 2005) for four districts in Tra Vinh are presented. Duyen Hai is a coastal district and aquaculture has clearly increased there as rice acreage has decreased. The trend is notable in the other three districts as well. (1987, 1998, 2005) for four districts in Tra Vinh.
Validation of the Land-Use Maps Using the Ground Truth Data
The locations of the 75 field survey points within the study area are presented in Figure 1 The best overall accuracy with the SAR derived land-use maps was achieved in 2009, which also had the best availability of SAR data. The SPOT 2005 land-use map has a higher overall accuracy than SAR land-use maps, this is mainly explained with the fact that SPOT classification includes two classes less, as the "Rainy season rice and shrimp culture" class was merged with the "Aquaculture" class and the urban area was not classified. Due to the class division and the image extent only 68 ground truth points were used for the SPOT image. The ground truth data was collected in October 2013 while the oldest land-use maps validated were from the year 2005. However, based on the information received from the local people during the field survey campaign, most of the significant changes in the study area occurred before the year 2005. A summary of the classification accuracies is provided in Table 6 . The producer's accuracy is the percentage of reference points correctly classified. The user's accuracy describes the probability that a classified pixel actually belongs to the class. "Rainy season shrimp and rice" was often classified into the "All rice" or "Aquaculture" class, and thus the accuracies are low. To correctly classify the class more frequent imaging throughout the year is required. Other classes were to some extend classified into the "Settled areas, sugarcane, coconut and orchard" class, and thus the producer's accuracy is lower than the user's accuracy. The class has a diversity of different land covers, and thus, confusion with other classes occurs. Rice paddies and water areas were in a few cases classified as "Aquaculture"; likely due to the similar land cover characteristics. Low user's accuracies for "Water" are likely caused by flooded areas or aquaculture paddies misclassified as water bodies.
The trends in rice land-use changes based on the optical data appear to be supported by the interviews with the local people. However, it should be emphasized that the accuracy of the optical results before 2005 is uncertain as the data are single date data and because the only reference data available before 2005 was the interviews. According to the interviews in 2005, three rice fields changed to aquaculture, one changed from rice to aquaculture in 1995 and a rice field changed to a banana plantation in 2008.
The EO data appears to support the assumption that the rice cultivated areas have decreased during the time period under investigation. At the same time, the aquaculture and coconut/orchard acreages have increased in the area. The result is in line with the information acquired from the farmers during the field survey campaign. According to the land-use maps based on the SAR imagery, ca. 19,000 ha of rice has changed to other land use between 2005 and 2011. Biggest relative changes have taken place in the inland districts of Ben Tre and Tra Vinh provinces. Moreover, the results from the optical imagery (Landsat 1979 and SPOT 2005) indicated that the land-use changes in coastal areas have occurred before the year 2005, which also was verified by the farmers in the target area. Also, Binh et al. [19] reported rapid increase in shrimp acreage in Cai Nuoc (Ca Mau province) around the year 2000 when a government decision allowed farmers to transform coastal saline rice fields into shrimp farms.
It should be noted that supervised methods or more advanced image classification algorithms, such as object based techniques or methods designed for SAR, might have improved the classification accuracies for single datasets. However, here we have focused on change detection and the aim was not to develop classification algorithms. According to our experience, land-use classification results are always dependent on the class division, the quality of the possible training data, test data and the characteristics of the study area including the size of the land-use units in comparison to EO data resolution. Therefore, qualitative comparison to other studies is not straightforward and more attention should be paid on the general trends in the historical changes. In a study by Tong et al. [20] , land cover was classified in Tra Vinh and Ca Mau provinces from SPOT imagery with an average accuracy nearing 80%, similarly to our results. In Bouvet and le Toan's research [28] , ENVISAT WSM temporal backscatter change was used to derive rice area and was compared to statistical planted area information for 13 provinces in the Mekong delta region, and an R 2 value of 0.92 was reported. They estimated the rice acreage at different seasons, however here we used the number of crops per year, and thus the results are not directly comparable.
Conclusions
An EO dataset of SAR and optical images covering a time period of around 30 years was acquired from Vietnam's Mekong Delta region, to study the long term changes in land use, with a special emphasis on rice, other cultivated areas and aquaculture. Land-use maps were produced using automatic classification techniques and the resulting land-use maps were validated using the reference data collected in a field survey campaign. In classifications an overall accuracy of 77%-88% was achieved.
Using the comprehensive EO data set in this study, it can be concluded that wide-area and up-to-date information on land-use and its changes can be obtained, which cannot be obtained by other means such as field surveys. We also observed that, together with the field validation data, the few interviews of local farmers provided a valuable contribution to analyzing the reliability and the accuracy of the land-use classification data. Therefore, additional in-situ inquiries are worth considering in studies, where archived data from the past EO experiments is needed for analyzing the present situation or to complement a time series.
The results presented here were limited by the amount of EO data available in the satellite image archives. Even though we carefully collected all available EO data acquired during the last 30 years, there were some caps in the areal extent, and this concerns mainly the optical EO data due to the cloudiness in the Mekong Delta region. Since the radar wavelengths penetrate clouds, SAR data is preferred. In order to carry out land-use change mapping, it is vital that SAR EO data is collected systematically throughout the year from the target area. However, it should be noted that image acquisition dates should always be carefully planned in order to interpret, e.g., multi-year rice crops.
The spatial resolution of the results presented here are limited to the resolution of the satellite data available, some 150 m in Envisat ASAR. The modern high resolution SAR satellites, such as TerraSAR-X, COSMO-SkyMed, Radarsat-2, would give more detailed results on land use. However, the amount of data needed also increases due to the smaller image coverage, which also limits the total area under investigation. Therefore, the wide-swath mode of the SAR is expected to play an important role in wide-area land-use mapping. In the future, from the rice mapping point of view, the use of Sentinel-1 satellites of the European Space Agency appears to be a very promising approach, because they could allow continuous wide-area monitoring of areas such as the Mekong Delta region with a good temporal coverage. Up-to-date land-use maps from Vietnam are constantly needed to detect long-term trends in land-use and to be used as an aid in decision making when policies concerning farming actions are planned. This information can be produced from SAR satellite data, with the help of optical EO data.
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